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Abstract
This thesis presents original research conducted to discover and explore
chemistry to affect the removal of metallic species from surfaces and substrates
utilizing a novel gas/solid reaction. The chemistry explored in this study
employs the principles of classical Chemical Vapor Deposition (CVD) processes,
but in a novel way.
In CVD processes, volatile metalorganic compounds are thermally
decomposed to depositmetal films onto a substrate; CVD sources typically
consist of mono-, bi-, or tridentate chelating ligands coordinated to transition
metals (e.g. Cu, Ta, etc.). In contrast, this work exploits the discovered
reversibility of this reaction. In initial screening studies, selected free ligand
compounds were introduced into a reaction chamber where, under the proper
conditions, they were observed to coordinate with metallic species to afford a
volatile metalorganic compound. This chemistry was initially explored by
studying the reactions of fluorinated ligands with bulk metal oxide powders and
films.
This chemistry has promising utility in semiconductor manufacturing
processes, specifically as a vapor phase cleaning method for theremoval of trace
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metallic contaminants from the wafer surface. In this work, the surface of
semiconductor wafers were intentionally doped with metallic contaminants that
were substantively removed via reaction with either hexafluoroacetylacetone or
trifluoroacetic acid. The results of this work were presented at the
ElectroChemical Societies' Fall 1991 Meeting at the Second International
Symposium on Advanced Semiconductor Cleaning Processes.
These initial studies, exploring the reaction of fluorinated ligands with
metal oxide powders, metal oxide films, and metallic species on silicon wafers
led to a grant by ARPA to the joint research team of Air Products and Chemicals,
Texas Instruments, and Lehigh University to fully explore the fundamental
. chemistry and develop the utility of this advanced semiconductor cleaning
process. This work, and the work of later researchers, has formed the basis of
seven U.S. Patents and over a dozen publications in technical and refereed
journals.
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Introduction
The genesis of this work began with the search for a novel chemistry for
the soldering of electronic components in the printed circuit board assembly
process and evolved into demonstrated utility in the cleaning of semiconductor
surfaces during integrated circuit manufacturing.
In this paper, a review of the chemistry of the systems employed in
electronics soldering processes is provided as introductory and reference
information. Specifically, the discussion focuses on the metal alloys used in
joining electronic components to circuit boards, the metal oxides that exist on
,
these electronic parts, the requirement to eliminate metal oxides to achieve
proper metal-metal contact, and the oxide reducing chemistries employed in
industrial practice.
The chemistries employed in chemical vapor deposition (CVD) processes
are discussed and the approach of using free, uncoordinated, chelating ligands
as oxide reducing agents that result in volatile metalorganic complexes is
introduced. Experimental results to prove this concept are presented, along with
supporting work on the physical properties of the chelating ligands and the
limitations encountered when considering application of this chemistry to
existing industrial practices.
The unique vapor-solid reaction is, in essence, the reverse reaction of
those typically exploited in metalorganic CVD. Although this process may not
3
be practically applied in electronic soldering, the chemistry has promise as a
new approach to removing metallic contamination from semiconductor wafer
surfaces. A brief overview of the current wafer cleaning processes is presented,
and the initial experimentation to prove this concept is reviewed.
4
Chapter 1
Review of Electronic Soldering Processes and the Opportunity for Novel
Process Chemistry
In the information age, the silicon-based transistor, functioning as a
binary switch, is the engine driving the explosive growth in electronic
computational, data processing, and telecommunications industries. By
coupling these transistor switches together in unique configurations, integrated
circuits can be fabricated to perform a wide variety of computing functions. To
link integrated circuits to the input, output, and power sources needed to make
them work, they are mounted onto electronic assemblies, which are comprised
of:
• active components including integrated circuits such as
microprocessors, logic devices, and memory devices such as dynamic
random access memory (DRAM) and read-only memory (ROM);
• passive components selected from resistors, capacitors, light-emitting
diodes (LEDs), among others; and,
• a printed circuit board (PCB) that is often a multilevel matrix of
circuits that routes the power and signals from the input and output of
active and passive component leads.
The mechanical and electrical attachment of these components to the
signal network results in a functionaL printed circuit board assembly: By linking
5
functional-specific assemblies together, manufacturers can offer electronic
equipment such as personal computers, cellular telephones, calculators, etc. to
the marketplace.
The focus of this work revolved around the chemistry employed in the
process of joining integrated circuits and passive components to printed circuit
boards - a process known as electronic soldering. The interconnect between
component and PCB is commonly referred to as a solder joint. The metal most
commonly used in mass production to achieve this joining is an alloy of tin and
lead with a weight percent of tin between 60-65%, though a wide variety of
metals and alloys are used in specialty applications, including gold, silver,
palladium, copper, etc.
A typical metal-interconnect scheme is illustrated below in which the
active or passive component leads are plated with a thin (5 - 75 micron) tin or
tin/lead coating. The component leads are soldered to the PCB (typically tin.:.
coated or bare copper) with a Sn/Pb interconnection metallization layer.
Figure 1 Solder Interconnect
This interconnect scheme can be illustrated by the following electronic assembly
diagram:
•
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While there are several useful texts that fully describe the process
technology in detail,1-4 the most relevant aspects of the process to this discussion
are the chemical states of the metals to be joined and the chemical reactions
involved in achieving a good solder joint. The surface condition of these metal
systems effects the resulting interface and ultimately the mechanical reliability
and electrical conductivity of the solder joint. These aspects will be discussed in
greater detail in subsequent sections.
For the purposes of this study, the focus is on two materials that are
,
integral to the soldering process: the solder alloy and the solder flux.
(i) Solder alloy: The most common solders used are an eutectic Sn 63-Pb 37
alloy (m.p. 183°C) and a Sn 60-Pb 40 near eutectic alloy (m.p. 186°C). The
metal alloy, upon melting, wets (or spreads) to the metal surfaces of the PCB
and component forming a solder joint which functions as the electrical and
mechanical interconnect between the two.
7
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(ii) Solder flux: For metals to properly join, their surfaces must be clean and
substantially free from oxides.4 However, the metal surfaces found on
printed circuit boards, components, and solders often possess thin, native
oxides resulting from exposure to oxygen and water vapor in ambient or
humid environments. To achieve oxide-free metal surfaces, oxide reducing
agents, called fluxes, are employed in the soldering process. These agents
provide primary metal oxide reduction to promote metal-metal wetting and
high quality solder joints.
After the soldering process, assemblies have traditionally been cleaned
using halogenated solvents to remove the post-soldering organic and
metalorganic residues. When left on the surface, these ionic or conductive
residues can migrate under electrical bias resulting in dendritic growth and
ultimately to electrical failure of the circuit. The flux reaction products can also
hydrolyze to form corrosive by-products that can attack the metal circuitry
resulting in electrical shorts.
In the late 1980's, the release of chlorofluorocarbons (CFCs) into the
earth's atmosphere was reported to result in the depletion of stratospheric ozone.
The subsequent global regulation of CFCs has challenged the electronics
industry to find alternative solvents or processes aimed initially atreducing the
'. -
use of these ozone-destroying chemicals, and ultimately eliminating them from
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the process altogether. In the electronics assembly industry, several alternatives
to CFCs are available:
The use of hydrochlorofluorocarbons (h-CFCs) as cleaning solvents has
proven viable, with no significant change in existing process methodology. The
incorporation of hydrogen in the CFC structure results in a molecule with
decreased atmospheric stability such that decomposition occurs below the ozone
layer.s
Semi-aqueous cleaning methods using terpene-based aromatic or
hydrocarbon-based solvents have proven effective in cleaning solder paste
residues. Although these cleaning solvents are CFC-free and do not deplete the
ozone layer, they are potentially flammable. They are also classified as Volatile
Organic Compounds (VOCs) - a class of chemicals known to possess a high
global warming potential (GWP).6 Manufacturers choosing to use these cleaning
chemistries are required to purchase properly-designed cleaning equipment to
handle these environmental and safety concerns.
Water-soluble, synthetic rosins have been formulated to work in
conjunction with aqueous cleaning methods. To achieve water-solubility, the
synthetic flux chemistries are often ionic in nature. As a result, corrosive, mobile
residues may be left on PCB surfaces due to insufficient or incomplete cleaning
of circuit assemblies.
9
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Low residue, no-clean solder pastes have been formulated that result in
significantly less residue remaining on the surface of the PCB; moreover, the
residues are electrically benign. Because these formulation use less-aggressive
flux chemistries, their ability to adequately reduce thick oxidation or prevent re-
oxidation is.limited. Therefore, inert (oxygen-free) soldering atmospheres are
often utilized in conjunction with no-clean flux chemistries to prevent oxidation
during soldering.
As process engineers in the electronic assembly industry evaluate the
cleaning alternatives that best fit their manufacturing philosophy, opportunities
also exist for the introduction of new approaches in the soldering and fluxing
steps of the electronics assembly process.
The initial focus of this work explored the concept of utilizing new flux
chemistries to effectively reduce solder oxides. However, rather than yielding a
non-volatile flux residue that requires cleaning, this approach would result in
the formation of a volatile metal oxide-flux reaction product. The strategy is that
if the oxide-reduction reaction product can be removed (volatilized) in-situ, then
the requirement for cleaning the residue would be eliminated.
To achieve this goal, a potential flux should possess the following
desirable properties:
10
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• The flux should form a metalorganic reaction product with
appreciablevolatility at soldering process temperatures of 200 to
• The flux should have selectivity in reacting with solder oxides but not
with the printed circuit board materials of construction;
• The flux should be compatible with existing process equipment and
methodologies.
These requirements present a challenge for the development of new
fluxes. Moreover, achieving the desired chemistry alone will not result in
industrial acceptance. The successful introduction and widespread use of any
new flux chemistry requires that the chemistry be easily integrated into existing
soldering processes using the installed base of reflow furnaces and wave
soldering machines. The initial approach employed in this study is to introduce
the new flux chemistry into the soldering process environment by incorporating
a gas-phase or vapor phase additive-in low concentrations-into a nitrogen
soldering atmosphere.
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Chapter 2
Electronic Soldering Chemistry: Solder Alloys, Oxides, and Fluxes
In this section, three key aspects of the soldering process are reviewed in
greater detail to providing an understanding of factors that influence the
application of vapor phase flux chemistry in electronic soldering:
• the fundamental theory governing the wetting of a liquid over a solid;
• the surface chemistry of the process metals and their oxides; and
• the fluxes typically employed to chemically react with these oxides to
promote solder wetting.
Wetting Theory
In the context of electronic soldering, wetting is a term used to describe
and quantify the spreading of liquid solder over a metal substrate. Liquid solder
on a substrate surface, in an effort to minimize its surface and thereby satisfy the
requirement of achieving the lowest state of energy, has an intrinsic force known
as surface tension.4 The surface tension is determined by the interatomic bond
energies of the atoms. In the bulk liquid metal each atom has about 12 nearest
neighbors, with equal forces acting on the central atom in all directions.
However, atoms at the surface experience unequal forces because they are
incompletely surrounded, such that the attractive forces from the bulk tend to
pull the surface atoms toward it. Theoretically, in the absence of other forces
such as gravity, th~ surface tension of the liquid would act to draw the into a
12 .'"
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sphere which has the smallest surface area of any shape with an equal volume of
liquid - as in the example of liquid mercury. Gravity and interfacial interactions
between the liquid and the substrate and surrounding atmosEhere act against
this intrinsic liquid surface tension:. Theinterdependence of these variables, in
equilibrium condition, is expressed by Young's Equation:
"{sv = "{ls + "{lv COS e
In the case of a liquid droplet on a flat surface, three forces are the surface
tensions that describe the system at equilibrium, as illustrated in the vector
diagram below. This system is representative of the soldering process:
"{iv = the surface tension of the liquid-vapor interface
'Ysv = the surface tension of the solid-vapor interface
"{is = the surface tension of the liquid-solid interface
e =the contact or wetting angle between the liquid and solid
Figure 3 Young's Equation and Solder Wetting
The expression lsv = "(Is + "{lv cos egoverns the degree of wetting of solder
on a substrate. Here Ysv is the force which spreads the liquid on the solid - Le.
13
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the wetting force. The surface tension of the liquid and the tension of the
interface between the solid and liquid metal determine whether or not the solid
will be wetted: if "{sv > "{Js + "{Iv cos ethen wetting will occur.
The surface tension of oxides are distinctly lower than the surface tension
of the corresponding unoxidized metal,4 and therefore to raise the coefficient of
wetting 'Ysv it is necessary to remove solder and substrate oxides with fluxes
(effecting an increase in "(sv) and to prevent reoxidation of the metal surfaces
during the soldering process (after the oxide reduction chemistry).
Solder Alloys and Oxides
To develop an effective flux, it is necessary to understand which metal
oxides are present in the electronic soldering process. By understanding which
oxides are present, experimentation can be conducted to evaluate the reactivity
of vapor-phase fluxes with these solder oxides.
Table 1 lists the standard free energy of formation for various metal
oxides found in the tin-lead-copper soldering system? Also shown are the free
energies of formation for oxides of several m~tals that comprise stainless steel·
alloys frequently used in the construction of process equipment such as reactors
and soldering furnaces. Unlike conventional flux chemistries that mainly contact
the electronic components to be soldered, a vapor phase flux will also contact the
inner chamber surfaces of the soldering equipment. There~ore, it is important to
•. "
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also consider the materials of construction, and the potential corrosive
interaction of the flux with these systems. Upon initial review, thermodynamics
suggest that th~corrosion-resistantchromium oxide surface of stainless steels is
significantly more stable than the target oxides.
Table 1 Gibbs Free Energy ofFormation for Selected Metal Oxides
Metal Oxides in AGio Metal Oxides in AGio
Soldering Systems (kcallg mole) Materials of (kcallg mole)
Construction
CuzO -35.0 NiO -51.7
CuO -30.4 SiOz -192
SnO -61.5 FeZ03 -177
Sn02 -124 Fe304 -242
PbO -45.3 CrZ03 -250
Pb02 -52.3 Ah03 -377
Pb304 -147.6
In the copper oxide system, the data suggest both Cu(I) and Cu(II) oxides may
be present on the substrate surface, with CuzO thermodynamically favored to
form. For the solder systems illustrated, with metals in oxidation states (I) or
(II), the thermodynamics suggest that tin is oxidized preferentially over lead.
However, solely considering thermodynamic data applied to continuous
chemical processes can be misleading, because AGt is not indicative of the
relative reaction rates for oxidation of these metals. For example, though the
highest oxidation states of Sn and Pb are thermodynamically preferred,
..
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researchers have reported that these states are not achieved under either ambient
or soldering process conditions:
Stoneman, MacKay, and Thwaites, et a1B,9 report thatthe only solder
oxides detected at process temperatures below 360°C were SnO and PbO.
E.E de Kluizenaar10 studied the Sn60-Pb40 soft solder after 15 minutes of
oxidation in air at 250°C by Auger Electron Spectroscopy (AES). Though AES
does not allow for the determination of the chemical state of the oxide species,
the surface and near-surface composition of solders was reported to consist of
four distinct regions:
(i) An outer layer of tin oxide;
(ii) A layer consisting of tin oxide and metallic lead;
(iii) A transition layer consisting of tin oxide, metallic tin and metallic
lead;
(iv) The bulk alloy.
Wassink4 reports that at elevated temperatures, the formation of SnO
occurs preferentially versus Sn02 and that tin oxides, in general, form
preferentially versus lead oxides.
Based on the thermodynamic and experimental data reported which takes
into account the kinetics of oxidation in the soldering process, at a minimum, a
viable vapor phase flux must sufficiently react with Sn(II), Pb(II), and both
oxides of copper. Reactivity withSn (IV) may also be advantageous.
16
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Flux Chemistry
There are many different flux formulation available to proces~ engineers
that can effectively react with solder and substrate oxides while remaining'
benign to other materials found in the process such as the substrate epoxy
polYmer and the materials of construction for the process equipment. Some
examples of this chemistry are provided below:
Hydrogen can serve the role of a flux by reacting with metal oxides to
yield the free, reduced metal and water:
M-Ox + Hz -7 M • + HzO
The use of a hydrogen atmosphere as a soldering flux would be ideal, in
that the reaction fs clean, and affords volatile water vapor as a reaction product;
unfortunately, the tin and lead oxides present in electronic soldering processes
are not reduced by hydrogen at the process temperatures between 200 to
The fluxes employed to achieve sold~r oxide reduction are organic
and/or inorganic in nature, typically selected from aliphatic and aromatic non-
volatile carboxylic acids, aliphatic amines, and amine hydrochloride salts; 3
stronger inorganic acids and bases are too reactive for use in electronic
applications. The flux .materials rea~t ~o form non-volatile flux-metal reaction
products as illustrated below:
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Mono-carboxylic acids:
DMA HCl (dimethylamine hydrochloride):
Natural rosins obtained from pine trees, or synthetic rosins are commonly
used in solder flux formulations. Rosins serve a variety of functions:
(i) . Provide oxide reduction for wetting of molten solder to PCB metal
surfaces;
(ii) Provide protection of the metallic surfaces from ambient and process-
related oxidation;
(iii) Provide a medium for the suspension of solder alloy powder to form a
solder paste.
Natural rosin is a complex mixture of fluxing and non-fluxing organic
compounds. Components that are not active in the fluxing or soldering
processes include rosin acid esters, fatty acid esters, diterpene aldehydes,
alcohols, and hydrocarbons.3 Rosins also contain several carboxylic acids
(including abietic acid, isopimaric acid, pimaric acid, dihydroabietic acid, and
dehydroabietic acid)3 that act as fluxes in the soldering process by reacting with
"ll.
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tin, lead, and copper oxides. Each of these acids is a mono-carboxylic acid, with
three fused, six-membered rings with conjugated pair of double-bonds and an
isopropyl-group.
+Sn-O
Sn
2
Figure 4 Abietic Acid acting as a Flux to React with Tin(H) Oxide
One process that has been introduced to the marketplace does make use
of vapor phase fluxing chemistry. Seho, Inc. utilizes a formic acid vapor in an
inert nitrogen carrier atmosphere that blankets a molten solder alloy bath. The
formic acid scavenges solder oxidesfrom the molten metal surface,reacting to
form volatile metalorganic complexes:
o
II
HC-OH + Sn-O ... ~H C t:'OJL- ~O Sn(g)
2
Figure 5 Formic Acid Reaction with Tin (II) Oxide
19
."
• 4" ..~ .•
Chapter 3
Chemical Reaction Strategies
The reaction strategy is to utilize a flux chemistry that is introduced into
the soldering process equipment as a vapor with an inert carrier gas. The solder
oxide-flux reaction should afford a metalorganic product with appreciable
volatility at soldering process temperatures of 200 to 230°C; if the reaction
product can be removed (volatilized) in-situ, then the requirement for cleaning
the residue would be eliminated.
In reviewing the literature,14-19 the types of metal compounds that are
volatile at reasonably low temperatures include metal halides, metal alkoxides,
metal carbonyls, metal alkyls, metal hydrides, pi-bonded metal complexes such
as cyclopentadienyls and various metal chelates like f3-diketonates, selected
carboxylic acids, and porphyrins.
Universally, the syntheses of these metal compounds are conducted in·
either aqueous or non-aqueous media, using the customary organic synthetic
techniques to yield the organometallic compound from starting materials
consisting of the free ligand and an appropriate metal oxide, chloride, or other
coordinated compound. The study of this chemistry has traditionally focused on
the properties and applications of the resulting organometallic complexes. In
applying this chemistry to the solderin9~nvironment, the goal of this work is to
20
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.explore the possible gas or vapor phase reactions between chelating ligands and
solder oxides.
Several fields of study were reviewed to gain insights to the nature of
volatile metal compounds. Two disciplines, gas chromatography and chemical
vapor deposition (CVD), employ chemistries that have potential utility as
volatile fluxes.
In the late 1950's and early 1960's, the application of gas chromatography
to metals analysis was studied extensively.l4 Researchers widely reported that
'the use of chelating ligands yielded metal complexes with sufficient volatility
such that they could be successfully studied by gas chromatographic techniques.
Chelating ligands studied initially included acetylacetone (acac) and acetic acid
(aca), however, only selected metalorganic complexes exhibited the necessary
volatility, and moreover, many of the (acac) and (aca) complexes thermally
decomposed during the GC analysis. However, metal complexes derived from
the fluorinated analogs of these chelates - hexafluoroacetylacetone (or HFAC)
and trifluoroacetic acid (or TFAA) - proved to have much higher volatility and
thermal stability than their non-fluorinated counterparts.20
CVD technology makes use of volatile metal species as precursors for thin
film metallization in semiconductor device fabrication. In CVD, the term
deposition refers to processes in which a material is deposited intact on the
wafer surface, by the use of a single. chemical, or a ~bi!l:ation of chemistries,
21
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containing the atoms required in the final film. These chemicals are introduced
into a deposition reactor, where either the chamber or the wafer substrate are
heated to affect decomposition or disproportionation of the chemical. The
resulting reaction forms the proper film elements or molecules in a vapor state,
which in turn deposit onto the substrate surface and eventually create a
conformal film or layer. To illustrate the various approaches utilized in CVD,
several examples are presented below:
The volatile metal species used in the CVD of silicon are typically selected
from metal hydrides (e.g. silane (SiH4)), metal halide-hydride species (e.g.
dichlorosilane (SiChHz)), or metal halides (e.g. silicon tetrachloride (SiCI4)).
Tungsten is the metal most frequently utilized in semiconductor CVD
processes. It is used in a variety of device structures, including contact barriers,
MOS gate interconnects, and via plugs connecting metal layers. Tungsten can be
deposited at moderate temperatures (-300°C) by the silicon reduction of WF6:
2 WF6 (g) + 3 Si (s) ~ 2 W (s) + 3 Sif4 (g)
Tungsten can also be deposited onto non-silicon substrates from WF6 by
hydrogen reduction yielding the metal film and HF:
WF6 (g) + 3 Hz (g) ~ W (s) + 6 HF (g)
In tnetalorganic chemical vapor deposition (MOCVD) for other metals such as
III-V metals, transition metals, or lanthinides, the volatile species ar~ usually
22
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selected from metal alkyls or chelated ligand-metal complexes, For metalorganic
species in vapor phase epitaxial processes,21 where the deposited film is oriented
with the same crystal structure as the underlying substrate, both metal halide
and metalorganic precursors are used. In the deposition of epi!axial GaAs layers
employing a metalorganic precursor, trimethylgallium is introduced with arsine
into the reaction chamber and the reaction yields an epitaxial GaAs film:
(CfhhGa (v) + AsH3 (g) 7 GaAs (s) + 3 Cfu (g)
One example of MOCVD relevant to the chemistry discussed in this paper
is the deposition of copper films from the chelating ligand HFAC or
hexafluoroacetylacetone. The deposition of Cumetal from Cu(HFAC)2. H20
was reported22 using a 760 torr reducing hydrogen abnosphere at 250°C. The
lattice"p~rameter of the deposited films were in good agreement with literature
values and the film showed no residual surface contamination upon X-ray
- .
diffraction analysis. They report the reaction as:
The goal of these experiments is to prove that a variation of this reaction is
reversible; that is:
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After reviewing the literature discussing volatile metal complexes used in
both gas chromatography and MOCVD, and compiling data on suitable
candidates for a solder flux to form a volatile reaction product,the following
candidate list was established. Based on this analysis, the fluorinated ~-diketone
and fluorinated carboxylic acid chelating ligands were selected for further study.
Table 2 Selected Properties of Vapor Phase Fluxing Candidates
Prospective Agent Properties Comments
hexafluoroacetylacetone b.p.@70°C Forms unusually volatile copper
density = 1.46 g/ml 2O complexes that are thermally stable to
270°C. HFAC complexes of Fe(II), Ni(II),
and Cu(II) sublime readily at 0.05 mm at
temperatures between 50 and 70°C.
8-hydroxyquinotine b.p.@226°C Forms complexes with copper(I1),
lead(II), nickel(II), iron(III), and
chromium(III) that sublime between
2500C-5000C 23
adipic acid m.p. @153°C; aliphatic dicarboxylic acids are
HOOC-(CH2)4-COOH b.p.@265°C sometimes used as oxide-reducing
fluxes in solder paste formulations
octafluoroadipic acid b.p. unknown
HOOC-(CF2)4-COOH The use of fluorine-substituted
carboxylic acids could yield volatile
products
Formic acid b.p.@226°C SEHO, Inc. uses a formic acid vapor
blanket to remove solder oxides from
wave solder pots. The gas-solid reaction
occurs at surface temperatures
approaching 250°C and an atmosphere
temperature estimated at 25°C-75°C.
trifluoroacetic acid b.p.@74°C Electron withdrawing fluorine increases
acidity and fluorine shell should
provide metal complexes with volatility
24-
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Chapter 4
Selected Aspects of the Chemistry of Fluorinated ~-Diketonate
Metal Complexes
The chemistry of metal ~-diketonates has been studied extensively, and a
brief discussion of their fundamental chemistry is warranted. There are several
driving forces for selecting fluorinated chelating ligands.
Acidity
Hexafluoroacetylacetone is a five carbon, ~-diketone, bidentate chelating
ligand. Classically, ketones exist as tautomers in equilibrium with an enol
form-a structure with -GH attached to doubly-bonded carbon. This
equilibrium of equivalent structures with a different arrangement of atoms is
called a keto-enol tautomerism. Generally the equilibrium lies in favor of the
keto form, but in the case of HFAC the influence of the trifluoromethyl group
increases enolization24, and it is estimated20 that HFAC exists 100% in the enol
form.
o 0
II II
F3C-C-CH2-C-CF3 ...
~-diketoneForm
cJH 0 0 H....O
I II .... II I
F3C-C=CH-C-CF3 F3C-C-CH=C-CF3
Keto-Enol Form Keto-Enol Form
Figure 6 HFAC Keto-Enol Tautomerism
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Another fundamental principle of organic reactions exploits the fact that'
hydrogen atomsthatare a to carbonyl groups are made weakly acidic by the
ability of the carbonyl group, through resonance stabilization, to accommodate
the negative charge of the anion. For p-diketone ligands, the a-hydrogens of the
p-diketone structure are a to two carbonyl groups, and hence ionization, in the
presence of base, yields a particularly stable anion in which two carbonyl groups
help accommodate the charge:
As a result, the resultant acid is more reactive (stronger) than other compounds
containing only one carbonyl group. Belford, Martell, and Calvin20 have
reported the pKa of HFAC as 4.6 which is a slightly stronger acid than acetic
f
acid. This unique property of fluorinated p-diketones aids in the formation of
highly basic, exceedingly reactive nucleophiles in organic reactions, and
provides a highly reactive ligand in metalorganic reactions.
Volatility
In general, molecular characteristics of ligands that tend to reduce the
, .
vapor pressure and volatility of a metalorganic complex include the existence of
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large dipoles, the propensity for adduct formation, the formation of dimers,
trimers, or in the worst case ~- polymerization, and the presence of function
groups that increase intermolecular hydrogenbonding. Therefore, ligands that
do not have these characteristics possess higher vapor pressures, and form more
volatile metalorganic complexes. For example, the non-fluorinated p-diketonate
acetylacetone (acac) is a liquid at ambient temperature with a boiling point of
140°C and a vapor pressure of 6 torr at 20° C. With the incorporation of fluorine
into the ligand structure, the vapor pressure of the p-diketone ligand is
markedly increased - HFAC's boiling point is 70°C, and its vapor pressure has
been determined to be 135 torr at 25°C (see appendix for details).
Fluorinated p-diketonate metal complexes also exhibit greater volatility
than non-fluorinated complexes due to a reduction in intermolecular van der
Waals forces. Molecular models14 of octahedral HFAC chelates show that a large
portion of the periphery is occupied by eighteen highly-electronegative fluorine
atoms encasing the metal ion in a fluorocarbon shell. The resulting
intermolecular forces of attraction are weaker than in the non-fluorinated
complexes.
Figure 7 contrasts the volatility of several metal p-diketonate complexes
with ligands of varying fluorine content: acetylacetone (acac) has no fluorine
substitutiol1;i trifluoroacetylacetone (tfa) is partially fluorinated, and
hexafl~oroacetylaceton~(hfac) has the highest degree of fluorine character. The
27
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trend of increasing volatility of metal complexes as a function of fluorine
substitution is quite readily observed:
'. Temperatur. (.C)
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Figure 7 Volatility of Various Metal Complexes19,25
Thermodynamic Stability: The Chelate Effect
There is enhanced stability of complexes containing chelate rings, a
phenomena termed the chelate effect. The chief effect is one of entropycornmon
to all chelate systems, but some chelates have additional stabilizing factors.
Bidentate chelates are more stable because of a proximity effect, whereby
detachment from one end of the chelate can still allow for the attachment at the
other end thereby leaving the detached species in close proximity to reattach to
the metal ion. For equilibrium reactions between singly and doubly
coordinating moieties, where enthalpies are nearly equivalent, the entropy
increases (# of particles increases) as single-bonded species are replaced by
chelates.26
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~-diketonate chelating ligands exhibit resonance stabilization as a result
of the formation of six-membered rings having some aromatic character. Upon
reaction with metal oxides, neutral complexes are formed. One driving force for
the metal- ~-diketonatereaction is the occurrence of n-bonding with the metal,
in which the delocalization of electrons is greater in the chelated ring than in the
free enolate ligandP
29
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Chapter 5
Proof-of-Concept Studies: Reactions with Metal Oxide Powders .
To determine the reaction efficacy of HFAC with metal oxides found in
soldering processes, a set of experiments was conducted using selected metal
oxide powders: CU20, CuO, PbO, SnO, and Sn02. Additionally, experiments
were conducted using other metals and metal oxides of interest including Si02,
AhOs, and both Cu and Sn metal. In all of these reactions, the following
experimental procedure was followed: An excess (8 -10 grams) of commercially
available, high-purity grade metal and metal oxide powders from Alpha, Inc.
were quantitatively weighed and transferred to a Pyrex cylindrical reactor boat.
The boat was placed in a pyrex tube reactor heated with a tube furnace and
. controller. The reactor was pre-heated to 200°C to remove moisture from the
system and sample; no additional heat was applied to the reactor exterior.
t To Scrubber t
. Figure 8 Experimental Apparatus for Metal Oxide Powder Studies
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The reactor features metal-free construction for all process-related components,
including:
• Quartzbubbler (with isothermal heater /insulator)
• PTFE valves, fittings, and tubing
• Pyrex reactor and sample holder
Mechanically, the system includes:
• Telemecanique XCK-L tube furnace with controller
• MKS mass flow controllers for precise flow o~.carrier and purge gases
• Dual cryogenic traps to collect reaction products and un-reacted ligand
• Mechanical pump with Krytox® operating fluid
HFAC (CsF6HzOz), purchased from Strem Chemicals Inc., Newburyport,
MA 10950, was transferred to a quartz bubbler apparatus. Nitrogen gas at a
flowrate of 0.334 scfh was passed through the bubbler containing the HFAC.
The resultant HFAC/Nz stream, calculated to be 16.5% HFAC in nitrogen, was
passed over the metal/oxide sample through an introduction port in the furnace.
The reaction was conducted for a period of thirty minutes under ambient
pressure conditions. For the oxides of Cu, Sn, and Pb, the heterogeneous, gas-
solid reaction of HFAC and metal oxide produced a volatile, metal-ligand
complex. Almost immediately, the metal complex reaction product was
...
observed to condense as fine needle-like cryst~l on the unheated regions of the
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furnace walls and in a downstream condenser maintained at -15°C. No reaction
was observed for silica, alumina, nor the copper and tin metals. The attempted
reaction of Sn02 was allowed to proceed for 120 minutes, and over that period, a
fine white solid film was observed to from on the-downstream condenser.
The reaction products were isolated as-collected from the reactor, and
after a methanol wash of the reactor surfaces to remove residual reaction
product. A mass balance of the reaction could not be calculated due to the
inability to quantitatively recover and isolate the reaction product in the reactor
system.
Table 3 Observations ofMetal Oxide + Hexafluoroacetylacetone Reactions
Solderin~ Process Oxide Reactions Observation
CU20 + 2 CsFtH202 ~ CU(CSF602H)z + Cu + H2O Blue-green crystals
CuO + 2 CsF6H20z ~ CU(CSF60zH)z + H2O Blue-green crystals
PbO + 2 CSFtHZ02 ~ Pb(CsF602H)2 + H2O Off-White fine crystals
SnO + 2 CsF6H202 ~ Sn(CSF602H)z + H2O Off-White fine crystals with
yellow tint
Sn02 + CSF6H20 2 ~ no reaction Traces of fine white film
Sn + CSF6HzOz ~ no reaction
eu + CSF6HzOz ~ no reaction
SiOz + CsF~zOz ~ no reaction
Ah03 + CsF6HzOz ~ no reaction
32
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Characterization of Reaction Products Using FTIR and Physical Properties
Perhaps no team of researchers has studied the chemistry of metal p-
diketonates more than Sievers14-19 et al. Their work in the mid-sixties and
seventies served as the foundation for the understanding of these chemistries.
Their paper on infrared spectra of metal chelates,16 was referenced in the
characterization of these reaction products using a Nicolet Fourier Transform
Infrared Spectrometer (FTIR). Commercially-available copper and lead HFAC
complexes (as hydrates) were purchased and their FTIR spectra were used as a
reference. The copper and lead reaction products were isolated and their
melting points were determined.
Literature references for the physical properties of Cu(HFACh are
inconsistent. For example, Strem, Inc reports a 97-99°C m.p. for the dark green
crystals of the dihydrate product, while Cyanamid reports 107 -108°C for the
dark blue/ green anhydrous complex. Yet, in J. A. Bertrand and R. 1. Kaplan
Study of Bis(hexafluoroacetylacetonato)copper(II)28 they observe the copper (II)
dihydrate as green crystals with a melting point of 134°-136°C, and purple
crystals with a melting point of 95°-98°C which they attribute to the adduct-free
complex; in their work both complexes were found to be monomeric. In these
experiments, the melting point of the copper chelate from both the Cu(I) and
Cu(II) oxides were found to be 98-99°C. The melting point of the lead chelate
was in good agreement with the reference sample.
~
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In the characterization of the metal ~helates using FTIR, the spectra of the
reaction products are transposed onto the spectra of the corresponding reference
compound for ease of comparison. Both the samples and references were
prepared in KBr.. Morris, Moshier, and Sievers16-18 have characterized many
metal chelate complexes and their reported results for Cu(II) HFAC is
highlighted as the shaded row in the following chart. They attribute the most
intense band in the 1600 cm-1 region to the carbonyl stretching frequency.
Table 4 Assignment of Infrared Spectra Peaks (em-I) ofMetal-HFAC Complexes
Metal
Ion
O-H
Stretch
C=o-M
stretch
C=C
stretch
C=o-M
stretch
C·H
bend
C·C
stretch
CF3
stretch
CF3
stretch
C·Hin
plane
bending
C-H out- C·CF3
plane stretch
C-CF3
stretch
Cu(1) 3588 1650 1614 1564 1371 1257 1150 806 743
(w) (s) (m) 1536 1214 1108 643
1479 603
Cu(II) 3586 1650 1614 1564 1371 1257 1150 806 743
(w) (s) (m) 1536 1214 1108 643
1479 603
Pb(ll) ·3572 1646 1617 1567 1325 1264 1148 808 740
1658 (m) 1537 1212 1088 664
1450 572
Sn(ll) 3560 1657 1621 1564 1350 1257 1150 814 746
(m) 1543 1204 1093 664
1464 586
Samples and references determined in KBr.
Intensity: (w) weak; (m) medium; (s) strong; (vs) v. strong
Reference 16 -Reported values for H20 adducts of Cu (II) complexes
In these metal complexes, coordination occurs through the carbonyl
oxygen, influencing the degree of double-bonded C=O character. However, the
1\
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spectra for the material recovered from the attempted Sn~ reaction is quite
different: Table 5 shows that a broad and strong peak at 3350 cm-l is observed
and the carbonyl stretching peak in the 1650 cm-l region is not observed, both
indicating that this material is not complexed with metal. It is likely that the
material recovered from this experiment is l,l,l,5,5,5-hexafluoro-2,2,4,4
tetrahydroxypentane reported to form upon exposure of HFAC to moisture.
Table 5 Observed Infrared Spectra Peaks (cm-1) of Sn(IV) Oxide-HFAC Trial
Metal O-R C=O-M C=C C=O-M C-C CF3 C-Rin C-R out- C-CF3
Ion Stretch stretch stretch stretch stretch stretch plane plane stretch
C-R CF3 bending C-CF3
bend stretch stretch
Sn(IV) 3350 not
(vs) observed
Seivers, et a1l6 reports that the spectra of the divalent metal-(hfac)
dihydrate adducts with a broad band in the 3350 to 3600 cm-l region which is
ascribed to the OB frequency of coordinated water. The region above 2000 cm-l
is omitted for all spectra (except Sn(BFACh and the material recovered from the
Sn02 reaction) however, all showed the characteristic peaks in the 3550-3600 cm-l
region attributed to predominantly hydrated metal chelate complexes. It is likely
that the complexes became hydrated in situ from the water vapor generated
during the reaction.
These products may contain a mixture of the hydrate and adduct-free
complexes. This observation is supported by the shift in the C-CF3 stretching
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peaks to lower energies as compared to the hydrated complex, indicative of the
increased degrees of freedom in the HFAC ligand due to a less sterically-
hindered complex.
Since the reaction is not solvent-based, it is theorized that this reaction
pathway can lead to non-adduct complexes, especially if the corresponding metal
halides or other suitable starting materials are utilized instead of the oxides to
eliminate water as a by-product of the reaction. To achieve adduct-free
complexes, this reaction must be carried out in an inert atmosphere and exposure
to moisture must be avoided during the collection and analysis of product.
Also observed are the near-identical FTIR spectra of the HFAC reaction
products with CU20 and CuO. In solvent-based reactions, Cu(I) has been
reported to yield the bis-hfac product. This reaction is theorized to proceed via a
disproportionation of Cu20 to affect the formation of the observed Cu(hfac)2
species from the CU20 moiety.29
CU20 + 2 HFAC -7 Cu + Cu(HFAC)z + H20
The physical properties of the reaction products, with identical melting points
further support this observation.
These results show that the desired ligand-oxide reactions can be
achieved within the reflow soldering process window to afford volatile reaction
products. Moreover, thes~ reactions can have u~lity as a new and perhaps
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improved synthetic pathway for the commercial manufacturing of metal-ligand
complexes in that the process is conducted using a ligand in the gas phase, in a
moisture-free environment, without the use of a solvent system, thereby yielding
pure, non-adduct metal-ligand complexes. These experiments resulted in the
issuance of US Patent # 5,028,724 titled Synthesis of Volatile Fluorinated and
Non-Fluorinated Meta16-Diketonate and Metal B-Ketoiminato Complexes.29
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Chapter 6
Proof-of-Concept Studies: Reactions with Metal Oxide Films
Demonstrating the reactivity of hexafluoroacetylacetone with solder oxide
~ ------~---~
powders is the first step in evaluating the utilitYof t@smoleciile-as a vapor
-
phase soldering flux. These initial experiments were successful in that the
desired reactions have been shown to occur, resulting in volatile metal chelates
at the process temperature of interest. However, in the soldering process, solder
and copper oxides exist not as powders, but as thin oxide coatings, ranging from
2 to 25 nanometers, on the surfaces of electronic components and printed circuit
boards materials. Therefore, it is important to understand ilie ability of this
chelating chemistry to react with thin surface oxides on bulk alloy/metal
systems. Moreover, for complete oxide removal, this chemistry should
overcome the metal-metal oxide bond energies associated with the interfacial
ox,ides, where the metal atoms have bonds with both oxygen and with the base
metal system. This experiment studied the reaction of an HFAC vapor stream
with an oxidized bulk copper substrate.
Sample Preparation
The copper substrate, a 1 mm thick, 1 cm2 segment of 99.9999% Cu foil
from Strem, Inc., was prepared by heating in an ambient air environment for 19
- hours at 155°C to promote a thick oxide layer. This oxidation step changed the
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sample appearance from a characteristically bright and shiny, unoxidized
surface, to a duller, darker brown color typical of oxidized copper.
The tin-lead substrate was prepared by quickly immersing a pristine 1
mm thick, 1 cm2 segment of 99.9999% Cu foil, coated with layer of mildly-
activated flux, into a molten 60% Sn 40% Pb solder pot under a nitrogen blanket.
The wetting of the solder alloy onto the copper substrate was uniform and
complete. The sample was cleaned first in a Freon-solvent followed by a
methanol clean, and air-dried prior to oxidation under the previously stated
conditions.
Reaction of HFAC with Oxide Films
The reactor system previously described in the metal oxide powder
experiments was utilized in these reactions, and the exposure conditions were
also duplicated-a process stream of 16.5% HFAC in N2 at ambient pressure,
with a thirty minute exposure at 200°C. In the copper oxide trials, the
appearance of the post-reaction surface was markedly different, more closely
resembling the initial unoxidized copper surface; a more subtle change in the
appearance of the solder alloy was noted. After allowing the reactor to cool to <
30°C, to minimize thermal oxidation upon exposure to ambient atmosphere, the
specimens were removed from the system and transferred to a teflon sample
. carrier prior to analysis.
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Surface Analysis
Auger ~electron spectroscopy (AES) was performed on copper metal and
solder-coated foil samples after the oxidation treatment and after chemical vapor
fluxing reaction. The analysis to determine the thickness of the initial oxide, and
the efficacy of the vapor phase fluxing was conducted using a ~hysical
Electronics Industries Model 255 Surface Analysis Spectrometer, equipped with
both AES and x-ray photoelectron spectroscopy (XPS). The instrument utilized a
double-pass cylindrical mirror electron energy analyzer (CMA) with a 5 keY
electron gun. All experiments were conducted under the fol~owingoperating
conditions: a 4 keV electron gun voltage, a 25 rnA emission current, and an
analysis chamber base pressure of less than 5 x 10-9 torr. The ~~alyzing electron
beam-diameter was approximately 100~.
Results
For the copper-oxygen system, the most likely oxidation reactions are
provided below. Thermodynamics would favor the formation of Cu(I) oxides,7
as indicated by the standard free energies of formation:
2 Cu + 02 -7 CuO
b..GfO = - 35.0 kcal/gmol
b..GfO = - 30.4 kcal/gmol
However, though the formation of CU20 is thermodynamically favored, since
these energies are similar, the kinetics of the oxidation process, must also be
.-' .
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considered. For example, Wassink4 reports the formation of CuzO oxide is
favored, with a 10 nm layer occurring over ninety days at ambient temperature
and atmospheric (air) conditions. However, at elevated temperature this
oxidation proceeds quickly-a 10 nm CuzO film is rapidly formed after heating
in air for only 16 hours at 105°C; the latter data is representative of the
conditions employed in these experiments.
The Auger survey spectrum of the oxidized copper surface is shown in
Figure AES-l. The main spectral peaks are identified as copper and oxygen.
Also shown are peaks typical of residual adventitious surface contamination,
such as carbon and chloride,likely resulting from the transfer of the sample
from reactor to the sample holder and into the surface analysis instrument.
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Figure 9 AES-l Auger Survey Spectrum of the Oxidized Copper Surface
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Since AES cannot yield information regarding the chemical state of the surface
species, x-ray photoelectron spectroscopy (XPS) was utilized to verify the
thermal oxide as CU20.31-34
.To determine the depth and atomic concentration of the copper oxide, the
sample was sputtered with 4 keY argon ions for 20 minutes at an equivalent
sputter rate of 6 nanometers (nm)·per minute - this rate is based on the reference
sputter rate for a Cu(II) oXide layer on a tantalum surface which was previously
measured. Auger spectral data were recorded in the region of ato 1000 eVas a
/'.
function of sputtering time. Figure AES-2 shows the depth profile of the
oxidized sample:
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Figure 10 AES 2 Auger Depth Profile ofCu(II) Oxide
The surface analysis from ~ to 6 minutes (approximately 35 nm) indicates
..
Jt '
•
the high temperature,. air atmosphere oxidation step generated an oxide film
.
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with a Cu:O atomic concentration ratio of 45 atomic % Cu : 23 atomic %0, which
is in close. agreement with the stoichiometric ratio of Cu(I) oxide. From a depth
of 35 ron to approximately 105 ron into the oxide film, the atomic concentration
of oxygen gradually decreases, indicating a mixed lattice of copper oxide and
copper metal. The bulk, copper metal substrate exists beyond this depth.
Though the Cu(I) oxide layer generated is five to ten times thicker than the oxide
films typically present on the copper surfaces of printed circuit boards, it is
representative of the surface chemistry, and presents an extreme challenge of the
vapor phase fluxing reaction to remove the oxide layer.
The Auger survey spectrum of the HFAC-treated copper foil is shown in
Figure AE5-3. In the spectra, the main contribution of the copper and oxygen
peaks are undoubtedly due to the presence of copper oxide, which is likely a
native CuzO formed ex-situ. Surface contamination (carbon, chloride, likely
sulfur) is observed resulting from sample transfer techniques. However, with
the observation of fluorine on the surface, in addition to carbon and oxygen, it is
possible that residual HFAC or partial-decomposition products of HFAC
containing carbon, oxygen, and fluorine, are present on the sample surface.
To remove the adventitious carbon, the native oxides'formed ex situ,. and other
surface contaminants, the samples were sputtered with 4 keY argon ions at a
chamber pressure of 1 x 10-8 torr for approximately 90 seconds until the
adventitious ~ontaminant peaks subsided.
..
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Figure 11 AES-3 Auger Survey Spectrum ofHFAC-treated Copper Foil
Figure AE5-4 is the Auger depth profile of the HFAC-treated sample
surface after argon ion sputter cleaning. It shows a thin surface oxide «10 nm),
likely formed ex-situ, and bulk copper. The native oxide exhibits a Cu:O atomic
concentration ratio of 28 atomic % Cu : 15 atomic % 0, also indicative of a Cu (1)
surface oxide.
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Figure 12 AES-4 Auger Profile ofHFAC-treated Cu Surface after Sputter Clean
Figure AES-5 is the Auger survey spectra of post-reaction surface after argon ion
sputter cleaning.
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Figure 13 AES-5 Auger Spectra ofPost-Reaction Cu Surface. after Sputter Clean
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The resultant surface is representative of bare copper metal indicating a
complete removal of the thick (105 nm) Cu(I) oxide layer. As previously
mentioned, this reaction is theorized to proceed via a disproportionation of CU20
to affect the formation of Cu(hfach species from the CU20 moiety:29
In the Cu and CU20 powder reactions with HFAC, the reaction with and
removal of CU20 was reported, but no reaction was observed between HFAC
and Cu. Interestingly, in this study of the CU20 solid film, complete removal
was observed: both removal of the first 35 nm layer, which exists as fully-
oxidized CU20, and the removal of the 70 nm layer beneath it, which is
comprised of a mixed lattice of copper metal and copper oxide. It is unlikely that
\
HFAC could diffuse into the thick, mixed Cumetal /Cu(I) oxide layer to
preferentially react with oxide to affect complete oxide removal, nor is it likely,
at these process conditions, that oxygen or CU20 diffused to the surface through
the mixed metal/oxide lattice to react with and be removed (volatilized) by
HFAC. One probable explanation is that the disproportionation reaction
afforded an active surface containing eu metal and, as copper was being
removed from the surface, active metallic Cu sites within the mixed lattice were
also exposed. These Cu species could readily reacted in situ with residual
oxygen or water vapor within the reactor atmosphere, reoxidizing the eli metal
,. .
to Cu20 which could then be removed by the chelation chemistry.
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Unfortunately, in these surface analysis experiments, it is not possible to
differentiate between the base copper metal of the substrate and the Cu metal
formed from the proposed disproportionation reaction to verify this proposed
mechanism. Nevertheless, the reactivity of the CU20 oxide powder to yield the
bis-hfac chelate, and the data indicating the complete removal of the CU20 oxide
film from the bulk Cu substrate both demonstrate the ability and effectiveness of
a soldering atmosphere containing hexafluoracetylacetone vapor to react with
Cu(I) oxides to remove the oxide'film.
In the tin-lead system, the most likely oxidation reactions are provided
below; as previously stated, tin(II) and lead(II) oxides have been experimentally
determined to form in the soldering process. Thermodynamics would favor the
formation of tin oxides preferentially over lead oxides, as indicated by the
standard free energies of formation:
2Sn + 027 SnO
2Pb + 027 PbO
AGfO = - 61.5 kcal/gmol
AGfO = - 45.3 kcal/gmol
Wassink4 states that tin oxides, with a density of 6.45, form at a slower rate than
copper oxides (d=6.0). The AES spectra collected support this observation and
correlate with reported results previously referenced. For the solder specimen,
the oxidation technique afforded a 22 nm thick oxide as determined by AES
sputter depth profile. The oxide consisted of a 10 ron surface oxide and a 12 ron
47
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mixed oxide/alloy layer over the bulk tin-lead alloy. The AES survey spectra of
the HFAC-treated surface prior to argon ion sputter cleaning is shown in Figure
AES-6. In it, the observation of intense peaks for tin and oxygen, and the
attenuated lead.peak height is indicative of a surface layer comprised solely of
tin oxide.
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Figure 14 AES-6 Spectra of the HFAC-treated Solder Surface Prior to Sputter Clean
After sputter cleaning, the sample surface is representative of the bulk
Sn60/Pb40 solder alloy, as shown in Figure AE5-7. In this survey spectra,
oxygen is not observed, and the characteristic Pb region and sharp Sn peak are
observed.
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Figure 15 AES-7 Post Reaction Solder Surface After Sputter Clean
The data show that HFAC reacts with oxidized solder thin films to affect
the removal of the oxide layer. This observation, combined with the
demonstrated reactivity of HFAC with copper oxide films, substantiates the
viability of this vapor phase chemistry as a fluxing atmosphere for electronic
processes.
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Chapter 7
Vapor Phase Reactions of Fluorinated ~-diketonates and Solder Oxide
Systems
One electronic soldering method of interest, as it applies to the application
of chelating flux chemistries, is a technique known as vapor phase reflow
soldering (VPS). VPS utilizes a unique method for heating the assembly to
soldering temperature. In it, an inert fluid is heated to boiling, and the circuit
assembly is passed through the vapor of the boiling liquid. The latent heat of
vaporization provides the heat transfer from the vapor to the PCB and causes the
solder to reflow and form the metal-metal interconnect between component lead
and circuit board. The inert fluids are typically selected from a number of
commercially-available perfluoroalkanes, perfluorocycloalkanes,
perfluoroamines, or perfluoropolyethers, all with boiling points in the range of
200°C to 260°C+ for soldering of tin-lead-copper metal systems.
The goal of this experimentation was to create a perfluorinated fluid
containing a miscible, oxide reducing chelating ligand. Idealiy, the ligand
would co-distill with the fluid and the resulting vapor would not only provide
the heat transfer to achieve solder reflow, but also provide the fluxing action
required to achieve proper metal-metal joining.
The synthesis of acetylacetone structures (including HFAC and HFAC-
analogues) are reported in the literature to proceed via a crossed-Claisen
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condensation reaction.35 In these condensation reactions, hydrogen atoms that
are a to carbonyl groups are made weakly acidic by the ability of the carbonyl
group, through resonance stabilization, to accommodate the negative charge of
the anion. In contrast to Claisen condensations, which involve nucleophilic
attack by a carbanion of one ester on the electron-deficient carbonyl carbon of a
second ester molecule, crossed-Claisen reactions are generally only able to be
performed with good yields when one of the reactants has no a-hydrogens, so
that competing, self-condensation reactions are prevented. Crossed-Claisen-like
reactions can also occur between esters and ketones, and it is this pathway that is
generally utilized to synthesize ~-diketone compounds.
Air Products and Chemicals, Inc. offers to the marketplace a variety of
perfluorinated fluids under the Multifluor™ APF trade name. For this study,
perfluoromonoisopropyldecalin (APF-200) was selected since its boiling point is
within the range of interest for soldering applications. Co-distillation is a
prerequisite for a vapor phase chelating flux dispersed in a heated vapor space
of APF-200. Therefore, to synthesize a high boiling-point analogue of HFAC, the
boiling points of long chain fluorinated alkanes and cycloalkanes were examined
to gain insight for selecting the appropriate starting materials. The carbon-to-
fluorine ratio for perfluoroalkanes, CxF2x+2, has been founcl useful for predicting
the boiling point of fluorinated fluids, such that with each incremental increase
in x, the boiling point is increased by ~23°C. However, the ~-diketone functional
".-
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group complicates the ability to apply this formula to predict the resultant
boiling point of a more highly fluorinated HFAC analog.
Table 6 Boiling points ofPerfluoroalkanes
Fluorinated Com ound Formula Bailin Point
erfluoromethlydecalin CllF20
erfluorooctane CSF1S
erfluorodecalin ClQF18
perfluoromonoiso ropyldecalin C13F24
perfluoro henanthrene C14F24
perfluorodimethyldecalin C12F22
After considering the data above, ethyl perfluoroctanoate (with (-CF2-)6
added to the traditional fluorinated ethyl acetate used in the synthesis of HFAC)
and trifluoroacetone were purchased from PCR Inc., Gainesville, FL, for use in
the following crossed-Claisen-like reaction:
o 0 0 0
II II II II
CF3-C-CH3 + CH3-CH2-0-C-(CF2)6CF3" CF3-C-CH2-C-(CF2)6CF3
In this reaction, to 15.0 g. ethyl perfluoroctanoate in ether, l,l,l-trifluoroacetone
is added drop-wise in the presence of sodium ethoxide (NaOC2Hs) over a 12
hour period. The reaction work-up includes washing with dilute H2S04, drying
over Na2S04, followed by a concentrated H2S04wash. Fractional distillation of
the crude materi~l afforded a 68% yield of 1,1,1,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-
, . ·52
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octadecafluoro-2,4-methadecanedione, or (ODFMDD) as characterized by F19
NMR (spectra not shown).
The classical mechanism, as it pertains to this reaction, is described35 as:
1. Ethoxide (-OC2Hs) anion abstracts a hydrogen ion from the a-carbon
of trifluorbacetone (the only source of a-hydrogen available to form a
carbanion).
2. The nucleophilic carbanion (CF3COCH2-) attacks the carbonyl carbon
of ethyl perfluoroctanoate to displace ethoxide ion and yield the ~-
diketone ODFMDD.
At room temperature, the resulting ODFMDD ligand is a paste-like solid
with a translucent/white appearance. The melting point of the ligand is 36°C,
and the boiling point (as illustrated below) is such that co-distillation with APF-
200 should readily occur.
Table 7 Comparison of Boiling Points ofPeifluoromonoisopropyldecalin and
1,1,1,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-octadecafluoro-2,4-methadecanedione
Fluorinated Compound Formula Boilinf( Point
perfluoromonoisopropyldecalin C13F24 200°C
ODFMDD CllFlSH202 184°C
To evaluate the performance of ODFMDD as a suitable fluxing ageI!tin
vapor phase soldering processes, 1.25 grams of the free ligand was added to 500
milliliters of APF-200: As expected, the highly-fluorinated ligand was observed
~ 53
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tobe completely miscible in the perfluorinated fluid. The resultant mixture,
containing 0.125 weight percent ligand, was heated in a MulticoreTM "Vaporette"
soldering apparatus suited for the performance testing of these fluids, with
wetted components of the chamber constructed of Pyrex.™ Since the vapor
density of APF-200 is 21.4 times that of air, the apparatus design is effective at
retaining that vapor within the vessel by the simple condensation technique
illustrated below. The temperature of the vapor was recorded at 200°C +/-1°C
for these experiments.
Figure 16
Vaporette Soldering Apparatus
fotl-- H20 Condensing Coils
Solder/Substrate Sample
APF200 Vapor with ODFMDD
APF200 Sump with ODFMDD
Heating Mantle
Sn63/Pb37 pre-formed solder~s were placed upon substrates (test coupons)
consisting of 65Pb /35Sn coated and copper-coated printed circuit boards. The
substrates were used in the as-received condition (with ambient-temperature,
.... "..
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native oxides formed on the surface) and after dry air aging for 19 hours at 155°
C to promote a thick oxide layer, as previously discussed.
The test samples were suspended in the AFP-200/0DFMDD vapor space
for 15 to 45 seconds, and as the vapor condensed onto the cooler sample, the
solder disc meiting and wetting to the substrate was observed. Moreover, the
l
appearance of the copper substrates changed after exposure to the fluxing vapor
from a dull, oxidized appearance to a bright surface typical of unoxidized
copper surfaces.
However, it was observed that, over time, the fluxing action of the ligand-
containing vapor decreased, such that results if!itially obtained with a given set
of substrates could not be duplicated. It is assumed 'that the ODFMDD ligand,
with a boiling point of 184°C, was not effectively condensed by the cooling coils
of the apparatus. Therefore, the effective concentration of ligand in the vapor
space and the resulting fluxing action decreased with time. To remedy this,
either a ligand with a higher boiling point (-15° to 30° C) could be utilized, or
the apparatus could be modified to more efficiently condense the vapor-phase
atmosphere.
The effectiveness of the vapor phase fluxing method was characterized by
measuring the contact angle between the melted solder disc and the substrate
using an optical protracting device. The wetting angle results represent the
..
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average and standard deviation (0') of ten measurements at each condition; they
are summarized in the following table.
Figure 17 Illustration of Solder-to-Substrate Wetting Angle
Table 8 Wetting Result of Vapor phase Fluxing Experiments
Substrate Wetting Degree of
Angle Wetting
e cr
No Ligand Added
As-Received Cu 66° 6° poor
As-Received Sn/Pb 58° 5° poor
AfterLigand Added
As-Received Cu 26° 4° excellent
AgedCu 32° 6° very good
As-Received Sn/Pb 22° 4° excellent
AgedSn/Pb 30° 5° very good
Both the Cu and Sn/Pb substrates were first exposed to the APF-200
vapor with no ligand added. In these blank trials, the solder pellet was observed
to sltpnp slightly on the surface, indicative of the bulk alloy melting, but without
significant wetting of the substrate. The thick oxide layer held the shape of the
molten solder and prevented spreading of the liquid alloy. However, after
addition of the ligand, the solder pellet was obse~ved to spread over the
56
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substrate; the oxide shell was still evident as a partially dissolved skin within the
melted and wetted bulk alloy on some samples. Both the as-rec~ived samples
and the aged samples showed excellent to very good wetting. The degree of
wetting, as characterized by average contact angles, measured from 22° and 32°
respectively.
These experiments demonstrated the synthesis of unique long-chain,
fluorinated, ~-diketone structures, and showed that these analogs of
hexafluoroacetylacetone are miscible in perfluorinated soldering fluids. At
soldering temperature, the resulting ligand-containing perfluorinated vapor was
shown to sufficiently react with solder oxides to affect oxide reduction and
thereby provide a fluxing action to promote solder wetting.
...
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Chapter 8
Proof of Concept Studies: Reactions with Electronic Components
The reactions be"tyveen HFAC and solder and copper oxide powders, and
.copper (I) oxide films on a bulk metal substrate has been reviewed.. These
,
experiments focus on the application of this chemistry to the electronic soldering
process itself. The stereographic photographs presented below document the
results of experiments to study the effectiveness of electronic soldering using
HFAC as a vapor phase soldering flux.
The substrates consist of 16-lead, small outline integrated circuits (SOlC)
mounted onto a glass epoxy substrate. On the substrate, the copper component
pads were coated with a 2 mil thick 63% Sn / 37% Pb solder layer, via a solder
paste stenciling technique.
Figure 18 Air Soldering Atmosphere with Poor Solder Wetting Observed
.,
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The solder paste was melted using an Radiant Technology Corporation
infrared soldering furnace, with a thermal profile optimized for the substrate
configuration. The substrate was cleaned in Freon 113 prior to further
- Rrocessil'lg to r~J:l10\T~ any Et~sidual flux products and organic contaminants. The
. SOIC's and solder -coated substrates were aged in an ambient atmosphere at
155°C to promote a thick solder oxide coating. The SOIC was clamped to the
substrate for soldering atmosphere reactions.
In these experiments, three different solq.ering atmosp~eres were
evaluated: 21% oxygen in nitrogen (air), 100% nitrogen, and 8% HFAC in
nitrogen. The reactor is similar to those previously described. Each atmosphere
was introduced into the reactor at a flow rate of 1.6 lpm for a 10 minute
exposure. The soldering experiments were conducted at a process temperature
Figure 19 Nitrogen Soldering Atmosphere with Marginal Solder Wetting Observed
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For soldering in air, the stereograph indicates non-wetting of the
J
component lead to the solder land, as would be expected for heavily oxidized
solder surfaces without any flux in the joining process; for soldering in nitrogen,
partial wetting is observed; and in the 8% HFAC soldering trial, full solder fillet
formation is observed,with excellent wetting of the solder land to the
component lead.
Figure 20 8% HFAC in N2 Soldering Atmosphere with Good Wetting Obseroed
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Chapter 9
Limitations of Soldering Atmospheres Containing Chelating Ligands
Results from the laboratory experimentation previously discussed are all
indicative of the heterogeneous reaction of a vapor-phase chelating ligand with
soldering oxides in the temperature regime of the electronic soldering process.
However, there are other criteria to consider in the evaluation of this process
chemistry in a manufacturing environment. Several of 'these considerations are
presented below and the limitations of this chemistry are discussed.
In initial experimentation, 304 stainless steel was used as the material of
construction for key elements of the reactor system, including the ligand
bubbler, delivery system, and reaction vessel. The primary components of 304
stainless steel alloy include 18-20 % Cr, 8-12% % Ni, < 2% each of Mn, Si, P, and
S, with the balance Fe. Upon inspection of the hfac ligand after prolonged
storage in a stainless steel bubbler/delivery system, the color of the ligand
changed from near-colorless (or pale yellow) to deep orange. The "used"
material was analyzed by gas chromatography / mass spectroscopy (GC/MS)
and graphite furnace atomic absorption (GFAA), and the material was found to
contain high levels of metals, with evidence of chelated metal-ligand complexes.
In the GC/MS analyses of purified HFAC the chromatograph shows one
clean, sharp peak. However, there are a number of additional peaks present in
the chromatograph of the used material, and the mass spectra show these species
','
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to be high molecular weight (>300,m/w) - See Figure GC/MS-l. The GC/MS
mass spectra of particular interest is of the gas chromatograph peak eluting at
5.746 minutes, which illustrates the reactivity of the HFAC chelating ligand with
the passivating chromium oxide layer on 304 stainless steel. This spectra shows
the parent ion of Cr(III)(hfach at m/w 673, along with a strong signal at m/w
466 indicating bf the parent ion less an intact HFAC chelate. Rigorous analysis
and identification of the contaminants was not performed for this work, but
would likely be an interesting area of future study. However, these observations
indicate that, at a minimum, the chelating ligand can react with the stainless
steel alloy surface.
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Figure 22 GC/MS Spectra afPurified HFAC
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In the GFAA analysis, the degree of metallic contamination is clearly illustrated
when compared to the analyses of the as-received material. See Appendix for
additional discussion of the purity analysis of the as-received ligand.
-,.
Table 9 Chemical Analysis ofAs Received and Contaminated HFAC
Element As-Received Contaminated
HFAC HFAC
Fe 1270 ppb 427 ppm
Ni <350 ppb 130 ppm
Cu 50ppb nla
Cr <190 ppb 1,123 ppm
Ultimately, this demonstrated reactivity with stainless steel underscores a
practical limitation of commercialization of these novel fluxing chemistries in
electronic assembly processes. Some of these limitations include:
Major equipment modifications would be required for use in equipment
typically employed in wave andI or reflow soldering:
(i) Reflow and wave soldering machines that are open to the production
environment would make it difficult to introduce a reactive and potentially
hazardous chemical into the process;
(ii) Materials of construction are exclusively stainless steel; with this
demonstrated reactivity, the chrome-passivation layer inherent in stainless
steels would be depleted over time, making the underlying alloy
susceptible to corrosion.
It
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The incorporation of the flux into the process is not straightforward.
HFAC has been proven to readily react with metal oxides, and in the
classification system applied to rank flux strength, HFAC is characteristic of an
organic acid (OA) flux. OA fluXes used commercially are aggressive oxide
reducers that are typically coordinated (as an amine salt for example) to delay
reactivity. OA fluxes also leave ionic and potentially corrosive reaction products
that require removal with a post-soldering water or solvent cleaning solution.
In wave soldering, soldering fluxes are applied to the underside of the through;-
hole assembly in liquid form as either a spray or foam. In reflow soldering, the
flux is incorporated with Sn/Pb me~al alloy particles to form a solder paste.
Ideally, the flux-oxide reaction should occur during the soldering process, and
not before. HFAC chemistry does not meet these process requirements. First,
the free ligand has an appreciable vapor pressure at room temperature which
woulc;l make a liquid phase application difficult. Incorporating this chemistry /
into a solder paste would require overcoming two problems: (a) controlling or
inhibiting the reactivity of the ligand; and (b) inhibiting the volatility of the free
ligand. Attempts to modify the ligand chemistry to overcome these issues were
unsuccessful.
From an environmental, health, and safety perspective, the flux reaction
products contain volatile tin and lead species. Since lead is known have
, ,.
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cumulative, toxicological effects with long-term exposure, the reaction products
must be properly abated so as not to expose workers to the inhalation hazards.
The successful introduction of suitable alternative cleaning processes requiring
little modification to the current equipment set dampens the driving force for
commercialization of this process.
Though the feasibility of using chelating ligands as fluxes in soldering
applications has practicallimitatioris that will likely preclude its widespread
commercialization, the chemistry ha~,P!~ven unique and may have utility in
other process technologies where the formation of volatile metal chelate reaction
products from vapor phase reactions with metallic species is desirable.
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Chapter 10
Applicability of this C~emistry to Semiconductor Oeaning Processes
One area where this chemistry has been found useful is in semiconductor
cleaning applications"where the application has been investigated extensively
by seyeral researchers.36-40 The initial studies in this area resulted in a paper
presented at the ElectroChemical Societies' Fall 1991 Meeting at the Second
International Symposium on Advanced Semiconductor Cleaning Processes.41 A
synopsis of this experimentation is provided in this thesis as an example of the
applicability of this novel chemistry in wafer cleaning.
Wafer Processing
The fabrication of semiconductor devices manufacturing is predicated on
the high purity 6f the process gases and liquid chemicals utilized in creating the
device structures, and in the purity of the base substrate materials. Organic and
metallic contamination arising from impurities in these materials must be
removed to achieve functional, reliable devices in high yields. The wafer
cleaning procedures employed today consist of a series of acidic, alkaline, and
deionized (DI) water rinse baths. These cle'aning processes, first published by
Werner Kern while working for RCA in 1970, are historically referred to as RCA
Cleans36 or SC-1 and SC-2 (in reference to Standard Cleans 1 and 2). This process
is based on a two-step wet oxidation and complexing treatment in aqueous H202
67
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- NH40H and H202 - HCI mixtures at 75-80°C for approximately 10 minutes..
This process makes use of these key chemical principles:
• H20 2at high pH is a powerful oxidant decomposing to H20 and 02;
• NH40H is a strong complexant for many metals;
• HCI in H202 forms soluble alkali and metal salts by dissolution
and/or complexation
• These cleaning solution are benign to silicon and Si02
Standard Clean 1 (SC-1) is an alkaline peroxide mixture containing 5 vol
H20 + 1 vol H202 30% + 1 vol N~OH 29% followed by deionized water rinse.
SC-1 effects wet oxidation removal of organic surface films and exposes the
surface for desorption of trace metals such as Au, Ag, Cu, Ni, Cd, Zn, Co, Cr, etc
by both forming and dissolving a hydrous silicon dioxide film.
Standard Clean 2 (SC-2) is an acidic peroxide mixture containing 6 vol
H20 + 1 vol H202 30% + 1 vol HCI37%, followed by deionized water rinse. SC-2
dissolves alkali ions and hydroxides of AI, Fe, and Mg, complexes residual
metals, and leaves the wafer surface passivated with ~ hydrated oxide film.
These aqueous-based or "wet" cleaning technologies have proven robust
as device architecture has changed over the last thirty years. However, two
technological thrusts have made the concept of gas or vapor phase (dry) wafer
cleaning attractive:
...
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• the increasing shift to smaller line-widths (0.18 ~ and beyond) may
limit the ability of aqueous-based cleaning solutions to effectively
penetrate these·geometries, due to surface tension effects of the
solution.
• Semiconductor manufacturing is now employing single wafer
processing in a clustered tool environment, in which the wafer is
passed in vacuo from one processing chamber to another. This
environment does not lend to wet clean processes which occur outside
UHV parameters.
• Minimum gate oxide feature sizes are approaching 50A in thickness.
Since SC-l processes react to some extent with silicon dioxide, these
chemistries can result in micro-roughness of the gate oxide that
ultimately can have a deleterious effect on threshold voltages and
overall gate performance.
For this reason, there are opportunities to develop and introduce
alternative cleaning methodologies. Though it is predicted that wet processes
will continue to have utility in future device technologies, dry or vapor phase
wafer cleaning processes will find niche applications in processes where wet
cleans are impractical or inadequate, such as in cluster tool processing or gate
omde pre-cleans.
• ..
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Because the standard RCA cleans are so effective and remove a large
variety of contaminants, shifting to an all dry process for some manufacturing
applications is complex. The use of HFAC as a wafer cleaning agent addresses
only the removal of transition metal complexes. F'or completeconfamInant
removal, other dry methods must be employed to remove surface organic
species and alkali metals.
Of the various dry or gas phase cleaning methodologies reported for
metal removal, the focus has been on the use of either an anhydrous HF reaction
or a plasma-enhanced halogen-based cleaning approach. These reactions rely on
the surface conversion of metal contaminants to their respective metal halides
which generally require moderate to high temperatures for removal. These
processes are compatible with cluster tool environments, but are ineffective in
removing many of the transition metals and group I and group II mobile ions
from a wafer surface because, with the exception of selected group IV, V and VI
halides, standard metal halides are not very volatile.
Chemical Vapor Cleaning of Semiconductor Wafer Surfaces
This chemistry has been employed for reactive removal of transition metal
contamination from semiconductor surfaces such as silicon dioxide. The ligands
react with the surface metals, forming metal complexes at the semiconductor
surface. These metal complexes are volatile affording a surface which is-
substantial!y free of metallic contaminants.
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Experimental
The substrates in this study were <100> silicon, and were used directly as
received from the vendor. Metals were deposited onto the wafer native oxide
surfaces using standard evaporative techniques at'lO-s to 10-6 torr chamber .
pressure. Each wafer was scored and segmented into approximately one inch
square samples. These were mounted at a 30 degree angle in a pyrex wafer boat
and inserted into a small pyrex tube furnace. Filtered zero-grade (80% N2/ 20%
02) air was passed through a glass bubbler containing the chelating ligand
HFAC. Based upon the vapor pressure of the reagents used, the partial pressure
of the coordinating ligands was approximately 125 torr (16.5%). Process
temperatures used were 200°C and 300oe, with total exposure to the process
environment between twenty and forty minutes. Experimental control wafers
were exposed to the one atmosphere total pressure thermal process without
coordinating ligands in the gas phase.
Rutherford Backscattering Spectrometry (RBS) was employed to evaluate
the effectiveness of the chemical vapor treatment. RBS is often used as a
technique for quantitative depth-profiling « 2000 nm), and to measure areal
concentrations (in atoms per cm2) of contaminants on the surfaces of thin films.
RBS is based on collisions between atomic nuclei: when a sample is bombarded
with a helium ion beam, a sma~l fraction of the incident nuclei undergo a direct
...
collision with the target nuclei on the saD;lple surface, and are backscattered
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toward the instruments detector. Different target nuclei create different collision
energies and result in unique energies for the backscattered electrons which can
. be used to differentiate the elemental composition of the target. In this analysis,
1700 and 990 to the beam. The areal densities reported are the average of the
results from both detectors. Uncertainty is estimated as ±one standard
deviation from the mean of determinations using two beams. SensitivitY varied
----from 2% to 5% with the analyzed metal. For this instrument, the RBS'aetection
limit is 0.5 x 1013 atoms / cm2 for the contaminants analyzed.
Results and Discussion '
As can be seen from Figure RBS-1, initial analyses of the wafers prior to
. "
cleaning showed surface metal concentrations for iron and copper of 7.99x1014
and 3.45x1014, respectively. Analysis after the HFAC cleaning process gave
concentrations of < 2.9xlO13 atoms/cm2 and < 2.1x1013 atoms/cm2 for iron and
copper, respectively, both of which were near the lower detection limit or LDL
for the RBS technique used in this analyses. To confirm that metallic
contamination was being removed, control samples were run in the furnace
under identical thermal processes, but without any gas phase coordination
compounds as a reaction medium. As can be seen by the thermal process data,
little or no inter-diffusion of the surface contaminants into the native oxide or
bulk silicon is detected.
."
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.Thermal Only
C1HFAC @ 200 C
IilHFAC @ 300 C
Iron Chromium Copper Nickel
Figure 23 RBS-l Chemical Vapor Cleaning with HFAC at 200 0 and 300 0 C
All of the metals were probably present as their oxides; Cu(I) or Cu(II),
Fe(II) and Fe(III) oxides, Ni(II) oxide, and Cr(III) oxide, respectively, though
surface analysis to determine this chemistry was not performed to confirm this
- hypothesis. Using this assumption, the primary reactions affecting removal are
thought to be between copper (I), copper (II), and iron (III) oxides and vapor
phase HFAC, in which the ligand chelates with and is deprotonated by the metal
oxide (Le. CuzO) yielding the volatile metal-organic coordination complex and
water vapor.
Interestingly, at the lower process temperature regime, the concentration
of chromium increased from the initial level of contamination, indicative of
chromit:J-m deposition onto the wafer surface; whereas, at higher temperature,
-chromium.removaloccurred. Since this chemlstry exploits the reversible vapo;r
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phase reactions between chelating ligands and metal oxides (deposition versus
removal):
the reaction equilibrium likely favors chemical vapor deposition (CVD) of
chromium at lower temperature, but favors chemical vapor cleaning (CVC) at
the higher process temperature. Met~l1lic impurities within the HFAC sample
(see appendix for details) may have provided the source of Cr. Further work to
explore this chemistry is warranted.
The work presented in this paper also showed that the chemistry
surrounding the reaction of chelating ligands with surface transition metal
contaminants is not unique to HFAC - trifluoroacetic acid (TFAA) has also been
demonstrated to be an effective vapor phase cleaning agent.
Discussion of Subsequent Work by Other Researchers
Although this study provided initial results into the applicability of using
gas phase chelating ligands as cleaning agents for the removal of transition
metals from the surfaces of semiconductor wafers, further study is required to
determine the specific surface states and reaction mechanisms occurring with
these reactive cleaning processes. The work that followed to elucidate the
chemical vapor cleaning mechanisms and demonstrate the ability to achieve
cleanliness levels required in sub-micron device manufacturing has been well-
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Chapter 11
Conclusions
This work explored the possible gas or vapor phase reactions between
fluorinated B-diketone chelating ligands and metal oxides found in the electronic
soldering process. Experiments were conducted to determine the reactivity of
hexafluoroacetylacetone with both tin, lead, and copper oxide powders, oxide
films on bulk metal substrates, and on electronic components and substrates
commonly used in electronic assembly processes. Studies were conducted under
conditions representative of those employed in manufacturing electronic
assemblies.
To determine the reaction efficacy of HFAC with metal oxides found
in soldering processes, a set of experiments was conducted using selected metal
oxide powders: CU20, CuO, PbO, SnO, and Sn02. Additionally, experiments
were conducted using other metals and metal oxides of interest including Si02,
Ah03, Cu(O), and Sn(O). Fourier Transform Infrared and physical properties data
support that, for the oxides of Cu, Sn, and Pb, the heterogeneous, gas-solid
reaction of HFAC and metal oxide produced a volatile, metal-ligand complex.
No reaction was observed for silica, alumina, or the copper and tin metals.
Auger Electron Spectroscopy data from the reactions with HFAC with
metal oxide films indicates that the'HFAC metal oxide film reaction occurs
re'adily. The complete removal of CU20 oXide films from bulkeu substrates is,
. ~ 75 ;..
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observed; additionally, data show that HFAC reacts with oxidized solder thin
films to affect removal of tin and lead oxides from the surface layer.
These results show thatthe desired ligand-oxide reactions canbe
achieved within the reflow soldering process window to afford volatile reaction
products, and substantiate the viability of this vapor phase chemistry as a
fluxing atmosphere for electronic processes.
Moreover, these reactions can have utility as a new and perhaps improved
synthetic pathway for the commercial manufacturing of metal-ligand complexes
in that the process is conducted using a ligand)n the gas phase, in a moisture-free
environment, without the use of a solvent system, thereby yielding pure, non-
adduct metal-ligand complexes.
Additional experimentation involved the synthesis of unique long-chain,
fluorinated, p-diketone structures. Soldering trials showed that these analogs of
hexafluoroacetylacetone are miscible in perfluorinated, vapor phase soldering
fluids. At soldering temperature, the resulting ligand-containing, perfluorinated
vapor was shown to sufficiently react with solder oxides to affect oxide
reduction and thereby provide a fluxing action to promote solder wetting.
Ultimately, integration of vapor phase chelating flux chemistry-into
existing manufacturing processes proves problematic due to reactivity with
soldering furnace materials of construction, volatility of the free ligand, and
health hazard issues associated with volatile heavy metal-containing vapors in
76
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the workplace. Though the feasibility of using chelating ligands as fluxes in
soldering applications has practical limitations that will likely preclude its
widespread commercialization, the chemistry has proven unique and may have
utility in other process technologies where the formation of volatile metal chelate
reaction products from vapor phase reactions with metallic species is desirable.
One such area where this chemistry shows promise is in'semiconductor
manufacturing processes, where it has been demonstrated that HFAC is effective
in a vapor phase cleaning..m.ethod for the removal of trace metallic contaminants
from silicon / silicon dioxide wafer surfaces. The research exploring chemical
vapor cleaning (CVC) cited in this paper, and the work of later researchers, has
formed the basis of seven U.S. Patents25,30,42-46 and over a dozen publications in
technical and refereed journals.
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Appendix A
Physical Properties of Hexafluoroacetylacetone: Purity
Initial product purity for trifluoroacetic acid (tfaa) and
hexafluoroacetylacetone (hfac) was obtained ICP-AES. Samples and blanks were
prepared by digestion with 5 ml HN03 in teflon beakers in low heat. The
resultant solutions were diluted to 30 ml.
Table 10 Metals Analysis ofHFAC and TFAA
Element UOM Analysis Analysis
006915.01 006915.02
HFAC TFAA
Fe ppb 1270 <110
Ni ppb <350 <350
Cu ppb 50 <30
Cr ppb <190 <190
The results indicated that the post-clean level ofcontamination observed (i.e. the
cleaning efficacy) in the initial wafer cleaning trials may have been limited by
competing CVD-like deposition of copper and iron from the cleaning agent
itself. Since it can be calculated that 1014 atoms per square centimeter (a/cm2) is
equivalent to 1 part-per-million (ppm) of surface contamination, and 1013
(a/cm2) is equivalent to 1 part-per-billion (ppb) surface contamination, a higher
purity material was deemed necessary if hfac were to be used successfully to
achieve metal cleanliness levels less than 1013 (a/cm2) on silicon surfaces.
- ~
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In a more rigorous study of product purity, metals analysis was
performed on as-received samples from two vendors using an inductively-
coupled plasma mass spectrometer (ICP-MS). Water content of the ligand was
also determined.
The assay of hfac was determined by gas chromatography, and the assay
was calculated as the balance. Ethyltrifluoroacetate (~-TFA), presumably
unreacted material from the cross-Claisen hfac synthesis, was found to be the
predominant contaminant at concentrations of 2.0% for the as-received Fairfield
Chemicals material, and 0.55% for the as-received Strem Chemicals product.
The Fairfield Chemicals HFAC material was purified via fractional to
yield the 98.3% product.
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Table 11 HFAC Assay Results
Element UOM 173-63-1 173-63-2 173-128-1 '
Fairfield Chemicals Fairfield Chemicals Strem Chemicals
As Received DisHlled As Received
Assay % 95.8 98.3 97.0
E-TFA % 2.05 1.35 0.55
Water ppm 410 15 na
AI ppb 193 5.1 4.3
Sb ppb 1.2 0.1 0.01
As ppb 1.9 0.1 0.35
Ba ppb 0.1- 0.1 0.01
Be ppb 0.1 0.1 ,0.01
Bi ppb 0.1 0.1 0.01
B ppb na na 14
Cd ppb 0.1 0.1 0.01
Ca ppb
-
35 3.0 15
Cr ppb 2.7 1.1 0.01
Co ppb 0.1 0.1 0.01
Cu ppb 3.7 0.3 8.7
Ga ppb 0.1 0.1 0.01
Au ppb 0.1 0.1 0.01
Fe ppb 94 1.6 41
Pb ppb 0.1 0.1 0.05
Li ppb 0.4 0.1 0.10
Mg ppb 10 0.7 0.39
Mn ppb 1.4 ' 0.1 0.01
Hg ppb 0.4 0.1 0.01
Mo ppb 0.1 0.1 0.01
Ni ppb 4.6 0.2 0.01
P ppb na na na
K ppb 3.5 0.5 16
Ag ppb 0.1 0.1 0.01
Na ppb 47 0.1 49
Sr ppb 1.1 8.0 0.01
Th ppb 0.':1 , 0.1 0.01
Sn ppb 0.2 0.1 0.01
Ti ppb 17- 0.1 0.12
U ppb 0.1 0.1 0.01
V ppb 0.7 0.1 0.01
Zn ppb 4.2 ' 0.8 0.13
. Zr ppb . _2:8 ·0.1 0.02
I,
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AppendixB
Physical Properties of Hexafluoroacetylacetone: Vapor Pressure
The vapor pressure of hfac was experimentally obtaine~ to determine the
concentration of hfac used in both soldering and silicon wafer experiments.
r '
In this experiment, 25 ml of hfac was placed in a 75 cm3 304 stainless steel
sample bomb equipped with a pressure transducer / display and a thermocouple.
The apparatus was immersed in liquid nitrogen (final temperature recorded at -
194°C) and the sample bomb was evacuated to a pressure of < 1 torr. The
apparatus was removed from the cryogenic liquid and allowed to warm in an
ambient environment. The pressure was recorded as a function of the hfac
temperature. The data from DOC to 38°C is plotted below:
Figure 24
Hfac Vapor Pressure
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Based on this data, the hfac vapor pressure can be expressed by the following
Clausius Clapyron equation (to an R2 of 0.9987):
log Plorr =-1.29 (1000JTOK) + 6.51
Further studies yielded the following equation:
log Plorr =-1.73 (1000/r'K) + 7.81
In this later method, hfac was introduced into a quartz bubbler, and a known
flowrate of nitrogen was passed through the material. As the bubbler
temperature was incrementally increased, the resultant vapor stream was
cryogenically condensed and the weight of the collected material was recorded.
These two independent methods afford similar results: For the ambient
temperature conditions (25°C) used in these experiments, the pressure
transducer method predicts a vapor pressure of 144 torr while the vapor weight
method predicts a vapor pressure of 99 torr; Hfac boils at 70°C, and the pressure
transducer method predicts a boiling point of 83°C while the vapor weight
method predicts a boiling point of 78°C.
..
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APPENDIXC
Fourier Transform Infrared Spectra
(Color-Coded in Originals) .
• Figure 25 Cu(HFACh from Cu20
• Figure 26 Cu(HFACh from CuO
• .Figure 27 Pb(HFACh from PbO
• Figure 28 Sn(HFACh from SnO
• Figure 29 Hydrated HFAC
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